Background: Blood glucose levels are elevated during the perioperative period as a result of the neuro-endocrine response to the stress of surgery. In nondiabetic patients, blood glucose levels are not a part of routine preoperative testing nor are they monitored during surgery or in the post anesthesia care unit (PACU). We measured blood glucose levels in nondiabetic patients during the perioperative period to identify how many patients had high glucose levels and what factors were associated with increases in blood glucose levels. Methods: This prospective observational study included two hundred and ninety five nondiabetic patients between the ages of 18 and 80 years, undergoing elective noncardiac surgery. Blood glucose levels were measured preoperatively and at frequent, predetermined intervals during surgery and in the PACU. Patient characteristics, surgical and anesthetic factors, and pain scores in the PACU were recorded, as were postoperative complications. Results: Forty nine percent (49%) of the patients had maximum intraoperative glucose levels of 126 mg/dl or higher and fifty three percent (53%) had maximum postoperative glucose levels of 126 mg/dl or higher. Preoperative glucose levels, family history of diabetes and amount of blood loss were statistically significantly associated with both max-intra-op and max-post-op glucose levels. Additionally, blood administration, surgery duration and race were significantly associated with max-intra-op glucose levels, while amount of intravenous fluids and sex were significantly associated with max-post-op glucose levels. Conclusion: A large number of nondiabetic patients in our study had maximum glucose levels >126 mg/dl in the perioperative period. Certain patient characteristics, as well as surgical/anesthetic factors, were associated with increases in the glucose levels. More studies are indicated to determine which patients may benefit from glucose monitoring in the perioperative period.
Introduction
Perioperative hyperglycemia has been recognized as one of the risk factors for increased morbidity and mortality after surgery. The majority of investigations have focused on diabetic patients undergoing cardiac surgery [1, 2] and/or on critically ill patients in intensive care units [3] [4] [5] . Blood glucose levels are not routinely monitored for nondiabetic patients during the perioperative period. In recent retrospective studies in patients undergoing noncardiac surgery, hyperglycemia has been linked with poor outcomes (increased length of stay, infectious complications and mortality) in patients without a history of diabetes [6, 7] . This is an exploratory study, focused on glucose levels during the perioperative period in non-diabetic patients undergoing noncardiac surgery. The study addresses two questions: How many patients have glucose levels above 126 mg/dl and what factors are associated with perioperative increase in glucose levels?
Methods
The study was registered at www.clinicaltrials.gov (NCT00468494). This prospective, cross sectional, observational study was approved by the IRB of the University of Medicine and Dentistry of New Jersey-New Jersey Medical School. All patients scheduled for surgery (all comers) were screened for potential enrollment between September 2006 and September 2008. Nondiabetic patients between 18 and 80 years of age undergoing elective surgery were included, after providing written informed consent, if their fasting blood glucose by finger stick on the day of surgery was less than 126 mg/dl, as this is an accepted diagnostic value to exclude diabetes [8] . Patients who were pregnant or scheduled for cardiac surgery were excluded. Anesthetic management was at the discretion of the anesthesia providers. All patients received Lactated ringer's solution or normal saline as their primary intravenous (IV) fluid.
Blood glucose levels were recorded preoperatively, 15 minutes after induction, 15 minutes after incision, 15 minutes thereafter for 2 hours, then every 30 minutes until the end of surgery. The highest intraoperative glucose value for each patient was labeled as maximum intra-operative (max-intra-op) glucose. Blood glucose levels were also measured 30 minutes and 60 minutes after admission to the Post Anesthesia Care Unit (PACU). The highest glucose value in the PACU was labeled as maximum post-operative (max-post-op) glucose. Abbott Freestyle TM Freedom Blood Glucose Monitoring System (Abbott Diabetes Care, Abbott Park, IL 60064) was used for glucose measurements. The glucose meters were calibrated as per the manufacturer's recommendations. Blood samples for measurement were arterial (if an arterial line was placed by the anesthesia provider), venous (via a large bore venous catheter dedicated to glucose sampling), or capillary finger stick. Capillary finger stick was also used if the arterial line or dedicated intravenous catheter failed during the study period. The primary anesthesiologists were made aware of all glucose levels and were free to treat hyperglycemia or hypoglycemia. If intervention with insulin or glucose administration occurred, data collection was stopped. The glucose levels up to that point were included in the analysis.
Patient information, specifically demographic and intraoperative data and PACU pain scores [Visual Analogue Scale (VAS)] at 30 and 60 minutes after arrival, were recorded. Patient demographics recorded were: age, sex, race, height, weight, Body Mass Index (BMI), family history of diabetes, use of steroids or beta blockers on a regular basis and preoperative (pre-op) glucose levels. Intraoperative variables were: type of anesthesia, administration of midazolam before induction, induction agent, intraoperative steroids, amount of IV fluids administered (excluding blood), administration of blood, duration of anesthesia, duration of surgery and blood loss recorded on patient charts. Estimated blood loss was divided into three categories (0 -499 ml, 500 -999 ml and ≥1000 ml). Total amount of opioid used was converted to the morphine equivalent. The Johns Hopkins Surgical Classification System was used to assign the surgical procedures to one of the five categories [9] . All patients were called two weeks after the procedure. A questionnaire was used to detect complications including wound infection, cardiac events, pulmonary complications, neurological complications or unplanned re-admission to the hospital.
This study was not designed to measure the incidence of postoperative complications as a function of perioperative hyperglycemia. That question would have required a much larger sample size. However, we did collect information on postoperative complications, which is presented in Table 1 .
Statistical Methods
Data were analyzed with the Stata statistical package (ver. 12, StataCorp, College Station, TX). Descriptive analyses are presented as number (n) and percentage (%), or as mean, standard deviation, median and range, as appropriate. Observations with missing values were documented and removed from the analysis. All continuous variables were assessed for normality and were transformed if they were not normally distributed. Age and pre-op glucose were normally distributed while max-intra-op and maxpost-op glucose levels, surgery duration, BMI, and the amount of IV fluid administered were log transformed. We explored various transformations for nonnormally distributed variables and used the log transformation, which was the best fit with best interpretability. Surgical procedure, sex, race, amount of blood loss and PACU pain scores were considered as categorical variables. Use of steroids or beta blockers on a regular basis, intra-operative steroid administration, family history of diabetes, midazolam administration before induction, and any blood administration were all considered binary variables (yes/ no). Pearson correlation and Student's t-test were used to investigate the bivariate association of continuous and binary variables respectively with log transformed maxintra-op and log transformed max-post-op glucose levels. ANOVA was used to determine the bivariate association of other categorical variables with multiple levels. Variables were assessed for multi-collinearity after transformation and before possible inclusion in multiple linear regression models. Forward and backward stepwise multiple linear regressions were performed in order to determine the variables associated with log transformed max-intra-op and max-post-op glucose levels. The significance level for addition to, or removal from these models was set at p = 0.05.
After the best models were determined, residuals were assessed for normality and homoscedasticity. Data was checked for outliers with possible undue leverage. Residuals were found to be normally distributed with little evidence of heteroscedasticity. Sensitivity analyses were performed to determine whether longer surgical duration led to increased max-intra-op glucose due to more sampling points. The first, second, third and fourth highest intra-operative glucose measurements were removed from each patient and the association was assessed each time. If the association were solely due to a larger sampling frame, we would expect the association to be eliminated. This was not the case.
Results
Three hundred and eight patients were enrolled in the study. Ten subjects had fasting glucose levels above 126 mg/dl on the day of surgery and were removed before data analysis. Three patients who had missing glucose values were also excluded. Results presented are for the remaining 295 patients. Table 1 presents patient demographic characteristics and intraoperative surgical and anesthetic factors. The table also presents postoperative anesthesia care unit (PACU) pain scores, as well as max-intra-op and maxpost-op glucose readings. Although none of the patients had diabetes, a large number of them had blood glucose levels of 126 mg/dl or higher intraoperatively 49%), as well as postoperatively (53%) ( Table 2) .
We examined the relationship between max-intra-op glucose, and the demographic, surgical and anesthetic factors. We also examined the relationship of these factors and the PACU pain scores with max-post-op glucose. Though we had recorded many variables, we narrowed the list of variables included in the analyses. For example, we chose to exclude anesthesia duration because it was strongly correlated to surgery duration. We did not include the amount of opioids used because we had not recorded the timing of opioid administration and its temporal relationship with the maximum glucose levels. We also excluded the type of anesthesia and the induction agent used because the number of subjects in some categories was very small. Tables 3(a) and (b) show the association of the factors with max-intra-op and max-postop glucose. For step wise multiple linear regression we only included subjects with complete data on the characteristics of interest (N = 204 for max-intra-op model and N = 198 for max-post-op model). These characteristics were sex, age, race, log of BMI, preoperative glucose levels, preoperative use of beta blockers or steroids, family history of diabetes, Johns Hopkins surgical procedure category, midazolam administration before induction, log of surgery duration, estimated blood loss, log of IV fluids administered, intraoperative steroids and any blood administration. The PACU pain scores were considered for the max-post-op stepwise regression, even though there was not a statistically significant correlation in bivariate analysis (p = 0.60 and 0.63 for pain scores at 30 minutes and 60 minutes respectively). The results of the forward and the backward stepwise procedures were identical for both max-intra-op and max-post-op glucose levels. Preop glucose levels, family history of diabetes and estimated blood loss were significantly associated with both max-intra-op and post-op glucose levels. Additionally, administration of blood, surgery duration and race had "t-value" is t-statistic from ANOVA; "p-value" is significance level rounded to 3 decimal places (so 0.000 represents a value < 0.0005); "N" is sample size. statistically significant associations with max-intra-op glucose levels; and amount of IV fluids administered and sex were associated with max-post-op glucose levels ( Tables  4 and 5) . For easier interpretation of the raw output we calculated the percentage change in glucose levels associated with the significant variables. An increment of 10 mg/dl in pre-operative glucose levels was associated with a 4.7% (95% CI: 2.8% -6.7%) increase in max-intra-op and 4.4% (95% CI: 2.3% -6.5%) increase in max-postop glucose levels. A family history of diabetes was associated with a 7.4% (95% CI: 1.6% -13.4%) increase in max-intra-op and 7.2% (95% CI: 1.3% -13.5%) increase in max-post-op glucose levels. Patients with blood loss ≥1000 ml had significantly higher max-intra-op (14.6%; 95% CI: 3.0% -27.6%) and max-post-op (15.4%; 95% CI: 4.3% -27.7%) glucose levels than those with a blood loss of <500 ml. Blood administration during surgery was associated with a 16.4% (95% CI: 3.3% -31.3%) increase in max-intra-op glucose levels. A doubling of the surgical duration was associated with a 5% (95% CI: 1.2% -8.8%) increase in max-intra-op glucose levels. African Americans and Hispanics had higher max-intraop glucose levels than White subjects. (7.9%; CI: 1.1% -15.2% and 9.1%; CI: 2.6% -16% respectively). There was a 6.2% (95% CI: 2.5% -10%) increase in max-postop glucose levels associated with doubling of the amount of IV fluids administered and max-post-op glucose levels were 6.4% (95% CI: 0.8% -12.0%) higher in females compare to males.
Discussion
Among the patients in our study, 49% had a max-intra-op glucose of 126 mg/dl or higher and 53% had a max-postop glucose of 126 mg/dl or higher. There is no consensus on the acceptable deviation in the glucose values in response to stress. Since this was an exploratory study we used a fasting level of 126 mg/dl as a reference to demonstrate the distribution of glucose levels in our subjects. This level was not used as a cut off, as all glucose levels were included in the regression analyses.
An increase in blood glucose levels during surgery is expected as part of the surgical stress response. Surgical injury can cause metabolic and hormonal changes resulting in hyperglycemia. The mechanisms involved in glucose homeostasis are complex. The contributing factors to perioperative hyperglycemia include a decrease in insulin secretion and an increase in insulin resistance; an increase in counter regulatory hormones; an increase in gluconeo genesis and a decrease in glucose utilization [10] [11] [12] . A recent meta-analysis of 26 trials reporting mortality concluded that intensive insulin therapy did not improve mortality in critically ill patients admitted to intensive Variables considered in this analysis were: sex, age, race, log of BMI, preoperative (pre-op) glucose levels, preoperative beta blockers, preoperative steroids, family history of diabetes, Johns Hopkins surgical procedure category, midazolam before induction, log of surgery duration, estimated blood loss, log of total intravenous fluids administered, intraoperative steroids and blood administration. Variables considered for this analysis were: sex, age, race, log of BMI, preoperative (pre-op) glucose levels, preoperative beta blockers, preoperative steroids, family history of diabetes, Johns Hopkins surgical procedure category, midazolam before induction, log of surgery duration, estimated blood loss, log of total intravenous fluids administered, intraoperative steroids, blood administration, and PACU pain scores.
care units (ICU), except for a subpopulation of patients admitted to surgical ICUs [13] . However, the acceptable perioperative glucose levels, the threshold for treatment with insulin, and the glucose levels associated with poor outcome are controversial. Various target glucose levels have been used in previous studies to titrate insulin administration. Van den Bergh et al. [3] targeted a blood glucose level (BG) of 80 -110 mg/dl, Krinsley et al. [4] targeted a BG < 140 mg/dl and the NICE-SUGAR study [5] had a range of 81 -108 mg/dl, in ICU patients while Lazar et al. [1] targeted a BG 125 -200 mg/dl in patients undergoing coronary artery bypass graft. Different levels of glucose (mean and maximum) have also been used to compare patient outcomes, Frisch et al. [6] used a cutoff of >150 mg/dl before and after surgery, and McGirt et al. [14] used >200 mg/dl before surgery. However, glucose levels are not monitored routinely in nondiabetic patients during the perioperative period. Stress induced hyperglycemia has been linked to poor outcomes in nondiabetics [6, 7, 15] . We have attempted to identify which patient characteristics and surgical/anesthetic factors are associated with increases in glucose levels. The direction and the degree of the association of different characteristics are shown in Tables 4 and 5 .
Family history of diabetes, pre-op glucose levels and amount of blood loss were significantly associated with both max-intra-op and max-post-op glucose levels. Preop glucose levels showed a strong association with maxintra-op and max-post-op glucose (p < 0.0005). An increment of 10 mg/dl in pre-operative glucose levels was associated with a 4.7% increase in max-intra-op and 4.4% increase in max-post-op glucose levels. ASA practice advisory does not recommend measuring glucose levels routinely during pre-op testing [16] . However, knowledge of patient's pre-op glucose may be useful in predicting the max-intra-op and max-post-op glucose levels.
A family history of diabetes had an unfavorable effect on glucose levels and was associated with a 7.4% increase in max-intra-op and 7.2% increase in max-postop glucose levels. Valdez et al. [17] have reported a significant independent association between family history of diabetes and prevalence of diabetes in the US population. Patients with a family history of diabetes in this study may be pre-diabetic or may have an altered glucose homeostasis.
Insulin resistance leading to hyperglycemia has been shown to be directly related to blood loss [18] and the type of surgical procedure [19] [20] [21] . In our study population, patients with blood loss ≥1000 ml had significantly higher max-intra-op (14.6%) and max-post-op (15.4%) glucose levels than those with a blood loss of <500 ml. We used Johns Hopkins Surgical Classification system [9] to categorize surgical procedures. It is possible that blood loss may be acting as a surrogate for the type of surgery. However, surgical category was not selected in the stepwise regressions and was non-significant even when forced into the final model.
Blood administration during surgery was associated with a 16.4% increase in max-intra-op glucose levels. The influence of the administration of blood might be attributable to a higher degree of stress, larger blood loss, or more surgical trauma. Another factor to consider is the amount of dextrose in banked blood. The citrate phosphate dextrose solution (CPD) contains 25.5 grams of dextrose per liter and the anticoagulant citrate dextrose solution (ACD) contains 22 grams of dextrose per liter.
About 50 ml of CPD, which has 1.23 grams of dextrose, is used for 450 ml of blood. Patients receiving many units of blood can receive a significant dextrose load. Our findings differ from Cheng et al. [22] who studied glucose levels in pediatric patients undergoing liver transplantation and found no significant changes in the blood glucose levels in those receiving blood transfusion.
Surgical duration (log transformed) was significantly associated with increased max-intra-op glucose levels. A doubling of the surgical duration was associated with a 5% increase in max-intra-op glucose levels. For example, a surgery of 8 hours would lead to a 28% increase in max-intra-op glucose compared to a surgery of 15 minutes. We performed a sensitivity analysis, which showed that glucose readings of a single patient are not random over time but in fact are a function of time. This confirms that the sampling scheme, where longer surgical duration means more sample points, is not leading stochastically to high max-intra-op glucose levels. These findings differ from the review by Bower et al. [23] where glucose values peaked between 2 and 4 hours of surgery. Volatile anesthetics have been shown to cause hyperglycemia by impairing insulin release in rats [24] . All, except four patients in our study received inhalation agents, which may have been a contributing factor to the higher glucose levels observed.
African Americans and Hispanics had higher max-intra-op glucose levels than White subjects (7.9% and 9.1% respectively). The relationship with other races was not significant. Cowie et al. [25] have described a higher incidence of diagnosed diabetes in non-Hispanic blacks and Mexican Americans compared to non-Hispanic whites, though the incidence of undiagnosed diabetes was similar. The amount of IV fluids administered (log transformed) and sex were additional factors significantly associated with max-post-op glucose levels. There was a 6.2% increase in max-post-op glucose levels associated with doubling of the amount of IV fluids administered. Little information is available about the effects of sex on the stress response and the evidence in the literature is inconclusive [26, 27] . In our model, max-post-op glucose levels were 6.4% higher in females compared to males.
Previous studies in surgical patients have reported hyperglycemia in patients given steroids during surgery [28, 29] . In the present study, steroid administration during surgery was incorporated as a binary variable as the type of steroid and the dosages varied. In our patients steroid administration was not significantly associated with maximum glucose levels. This may be because the majority of patients received steroids toward the end of surgery for prevention of nausea.
Obese patients have been described to have altered glucose tolerance secondary to insulin resistance [30, 31] . Mokdad et al. [32] have reported a strong association of BMI with diabetes. However, BMI did not appear in our final model for max-intra or post-op-glucose, as significant. A family history of diabetes was correlated with BMI. The reason for BMI not entering the final model could be the stronger influence of family history of diabetes on glucose levels.
Limitations
Some methodological considerations of this study need to be mentioned. This was an exploratory observational study with multiple variables. The patient characteristics, the surgical procedures and the anesthetic management were not controlled.
The values for estimated blood loss were obtained from the anesthesia record. Given the difficulty in accurately measuring the blood loss, this finding will need to be validated in future studies.
The sample source for glucose measurement (arterial, venous, capillary) was not uniform among patients and sometimes not for the same patient. Previous work by Karon et al. [33] have shown that capillary whole blood glucose levels were similar to plasma glucose levels in the laboratory while arterial and venous whole blood glucose levels were higher. Rice et al. [34] have discussed the inaccuracies of point of care devices in the perioperative setting. We did not take into account these factors while analyzing the data.
The results about the patient characteristics, surgical/anesthetic factors and the quantitative values need to be interpreted cautiously. Since this was an exploratory investigation we chose to include many variables. Some of the variables that showed significance may be surrogates for others. More studies will be needed to separate out the independent predictive values of each variable.
Conclusion
We found certain factors associated with high glucose levels in the perioperative period in nondiabetic patients. Pre-op glucose levels, family history of diabetes and amount of blood loss were associated with both maxintra and post-op glucose levels; blood administration, surgical duration and race with max-intra-op glucose levels; and amount of IV fluids and gender with max-post-op glucose levels. We hope that these findings generate interest in further research to identify risk factors for intraoperative hyperglycemia.
